), a characteristic not found in isolated animal mitochondria. This oxidation of exogenous NADH typically yields P/O, or ADP/0, values indicating the involvement of only two coupling sites (1, 3, 9, 11, 21 
Isolated plant mitochondria have been reported by numerous workers to possess the ability to oxidize exogenous NADH (1, 3, 7, 9, 11, 14, 21, 22) , a characteristic not found in isolated animal mitochondria. This oxidation of exogenous NADH typically yields P/O, or ADP/0, values indicating the involvement of only two coupling sites (1, 3, 9, 11, 21) . The question of why plant mitochondria, but not animal mitochondria, have evolved a means of oxidizing exogenous NADH has not been satisfactorily answered. There has been no evidence indicating in vivo mitochondrial oxidation of exogenous NADH even though the back flow of reducing equivalents out of the mitochondrion has been suggested (16) . Kennedy and Lehninger (15) were the first to report that fatty acid oxidation in animals occurs exclusively in the mitochondria with the NADH produced being oxidized via the normal mitochondrial NADH dehydrogenase linked pathways. In recent plant studies, however, the complete ,B-oxidation of fatty acids by mitochondria has been questioned. Cooper and Beevers (6) reported that in the endosperm of germinating castor bean the enzymes of ft-oxidation are localized primarily in the glyoxysomes, and not in the mitochondria, but that the NADH produced by such oxidation is not utilized in the glyoxysomes. Thus 
MATERIALS AND METHODS
Corn seedlings (Zea mays L., Wf9 X M14) were grown in the dark on paper toweling saturated with 0.1 mNt CaCl2 at 29 + 0.5 C. Mitochondria were isolated by the procedure of Miller et al. (18) .
Experiments were performed in a glass reaction vessel equipped with a Clark oxygen electrode (Yellow Springs Instrument Co.) and fitted in the light path of a Bausch and Lomb Spectronic 70 spectrophotometer. Polarographically measured oxygen concentration and percentage of transmittance changes were simultaneously recorded on a dual channel recorder. The reaction media (4 ml) were magnetically stirred and temperature controlled (27 ± 0.2 C). Amounts of mitochondria added to the reaction media were 0.6 to 0.7 mg of mitochondrial protein as determined by the method of Lowry et al. (17) .
The assay for NAD+ was carried out using the procedures of Estabrook and Maitra (8) . Other reaction conditions are given in the figure and table legends.
RESULTS
The oxidation of exogenous NADH by isolated corn mitochondria occurs in KCI reaction media in the absence of either Ca2`or P, (Fig. 1) (18) . This oxidation was accelerated by the addition of Ca"+ or Pl, and was further stimulated when both Ca'+ and P, were present in the reaction media (Fig. 1) . Exogenous NADPH, on the other hand, was not oxidized in KCI reaction media without Ca2" or P, but was oxidized after the addition of either Ca2+ or P, (Fig. 1 The reation media volumes were 4 ml. Figure 4 . From these studies two factors emerge: (a) the oxidation of exogenous NADPH by isolated corn mitochondria is coupled, and (b) electrons passed from exogenous NADPH apparently pass through two coupling sites similar to those from exogenous NADH.
To determine whether exogenous NADPH or NADH were both being oxidized via similar electron transport pathways, the effects of several specific electron transport inhibitors were measured. These studies were carried out in KCl reaction media with added Ca`+ and/or P,. For comparative purposes, the inhibitions of both NADH and NADPH are reported. Antimycin A, KCN, and rotenone induced almost identical inhibitions of 02 uptake when mitochondria were oxidizing either NADH or NADPH (Table II) . Amytal, however, which had a small inhibitory effect on state 3 respiration and a slight stimulatory effect on state 4 respiration of exogenous NADH, produced almost complete inhibition in the rate of exogenous NADPH oxidation.
The effects of rotenone and amytal on the rate of oxidation of exogenous NADH reported in this paper are somewhat different from those previously reported (19) . It is likely that these differences result from different reaction media (KCI or sucrose) and the respiratory states the mitochondria were in at the time of inhibitor addition. Previous reports (19, 22) Reaction media were as given in Figure 1 with addition of 4 mM P,. To Other than the selective inhibition of the oxidation of NADPH by amytal, considerable similarity exists between the oxidation patterns of NADH and NADPH. This relative similarity raised the questions: (a) is it possible that NADPH is converted to NADH and that NADH is then oxidized, or (b) is there a transhydrogenase reaction involved transferring the electrons first to NAD+ which in turn would feed them into the electron transport system? To answer the first question the presence of NAD+ was determined after the complete oxidation of NADPH using the procedure of Estabrook and Maitra (8) . No NAD+ was found. If a transhydrogenase were functioning the addition of NAD+ should probably affect the oxidation of NADPH in the absence of P, and Ca2+. No NADPH oxidation was observed after NAD+ addition (Fig. 5) . However, NAD+ stimulated the oxidation of NADPH in the presence of P1 or Ca2` (Fig. 5) , an observation for which we have no ready explanation.
DISCUSSION
The capacity of isolated corn mitochondria to transfer electrons from exogenous NADPH to oxygen in the presence of P1 and/or Ca2`presents some interesting questions. The first is whether the pathway of electron flow in the oxidation of exogenous NADPH is identical to that of exogenous NADH and secondly, if these pathways are not identical, where do electrons from NADPH enter the electron transport chain?
The NADH pathway has been elucidated by Storey (21) for mung bean mitochondria, and shows no interaction with coupling site 1 (13) , producing P/O ratios in the range of 1.2 to 1.5. Storey (21) speculates that exogenous NADH is dehydrogenated on the outside of the inner membrane with the reducing equivalents being passed directly to the respiratory chain in the ubiquinone, cytochromes b, and the high potential flavoproteins region. As in mung bean mitochondria, electrons from the oxidation of exogenous NADH in isolated corn mitochondria also bypass coupling site 1 (22) and are not sensitive to inhibition by rotenone or amytal (22) . Our results, at least superficially, suggest a similar pathway of electron flow in the oxidation of NADPH and NADH. Only two coupling sites were involved in the oxidation of each dinucleotide and the general oxidation of each was stimulated by Ca2. However, there was a substantial rate of oxidation of exogenous NADH in the absence of Ca2+ or P1, while there was none with exogenous NADPH. This argues against complete similarity in the oxidation of these two dinucleotides.
Regardless of the path of oxidation of NADPH or NADH, the swelling-contraction traces show that the energy usage in ion transport contraction are similar if not identical. Since the swelling-contraction process is an index of membrane function that is not always elucidated by respiration, this observation is significant. This similarity is particularly apparent in Figure 2 where, in the presence of Ca2 , the initiation of respiration caused an initial swelling followed by contraction. This phenomenon, which has not been explained, has only been observed with NADH (18) .
The effects of various electron transport inhibitors on the rate of oxidation of exogenous NADPH were studied with the hope of elucidating the pathways of electron flow. When the state 3 inhibited rates of mitochondria oxidizing exogenous NADH or NADPH are compared, only the effect of amytal was substantially different for these two dinucleotides. If both amytal and rotenone affect the same step in electron transport as is commonly reported (2) 
